A K+-conducting protein of the chloroplast inner envelope was characterized as a K+ channel. Studies of this transport protein in the native membrane documented its sensitivity to K+ channel blockers. Further studies of native membranes demonstrated a sensitivity of K+ conductance to divalent cations such as MgZ+, which modulate ion conduction through interaction with negative surface charges on the inner-envelope membrane. Purified chloroplast inner-envelope vesicles were fused into an artificial planar lipid bilayer to facilitate recording of single-channel K+ currents. These single-channel K+ currents had a slope conductance of 160 picosiemens. Antibodies generated against the conserved amino acid sequence that serves as a selectivity filter in the pore of K+ channels immunoreacted with a 62-kD polypeptide derived from the chloroplast inner envelope. This polypeptide was fractionated using density gradient centrifugation. Comigration of this immunoreactive polypeptide and K+ channel activity in sucrose density gradients further suggested that this polypeptide is the protein facilitating K+ conductance across the chloroplast inner envelope.
kg of spinach leaves using Perco11 step gradients) were exposed to freeze/thaw cycles in hyperosmotic medium, and the thylakoids were removed before the crude membrane fraction was loaded on a discontinuous SUC step gradient. Inner-envelope vesicles were removed from the 0.8 ~/ 0 . 4 6 M Suc interface of the gradient, washed in envelope medium (0.2 M SUC, 2 mM Na2EDTA, 2 mM DTT, and 10 m~ TricineNaOH, pH 7.5), and stored at -8OOC (at approximately 1 mg protein mL-') in envelope medium. Marker enzyme analysis (not shown) indicated that these preparations were essentially free of extrachloroplast and thylakoid membrane. However, these inner-envelope preparations are known to have some contamination by chloroplast outer envelope membrane (Cline, 1985) .
Detergent Extraction of Protein from Envelope Vesicles
Aliquots (typically 800 pL) of defrosted envelope membrane vesicles were brought to 1% (w/v) sodium cholate and 0.2% asolectin with 100-pL additions from stocks. Cholate was purified prior to making stock solutions by adding 25% (by volume) loosely packed activated charcoal to 1 L of 10% (w/v) cholic acid in 95% ethanol and boiling for 1 h. After removing the charcoal by filtering in a Buchner funnel, the solution was reduced to 300 mL by continued boiling. After addition of 110 mL of H20, the solution was heated to dissolve the precipitate that formed and then was left at 4OC overnight to allow cholic acid to crystallize. This precipitate was collected by filtration and redissolved in 300 mL of 95% ethanol for a second recrystallization. The cholic acid was then brought to pH 8 with NaOH in a 10% (w/v) aqueous solution. Large quantities of cholate stock can be made at once, but the asolectin stock was made fresh daily by homogenizing 20 mg/mL asolectin in 10 mM Hepes-Tris, pH 8.0, 2 mM DTT using a Dounce homogenizer, bubbling with NZ on ice for 5 min, and then sonicating in a high-energy Mi et ai. Plant Physiol. Vol. 105, 1994 bath-type sonicator (G112SPIT cylindrical sonicator, Laboratory Supplies Co., Hicksville, NY) until clear (about 5 min).
After addition of cholate and asolectin, the membrane vesicles were mixed and left on ice for 20 min. Membranes were pelleted by centrifugation (10 min) in a Beckman Airfuge at 30 p.s.i. (178,OOOg). Detergent-extracted proteins were recovered in the supernatant and can be stored at -8OOC for months.
Protein Reconstitution and Liposome Formation
Procedures for reconstitution of detergent-extracted envelope protein into enlarged liposomes followed those described by Wang et al. (1993) . Detergent-extracted protein was mixed with 20 mg/mL homogenized and sonicated asolectin stock at a ratio of 2.4:1.08 (v/v) . This mixture was kept at 4OC and loaded onto a 16 x 0.8 cm Sephadex G-50 (fine) gel-filtration column (about 12 mL bed volume) that was washed and equilibrated with 10 mM Hepes-Tris, pH 8.0, at 4OC. The cholate detergent was diluted away from the protein:lipid fraction, which was then recovered in a 0.5-to 1.0-mL (depending on the volume of protein loaded) fraction eluting immediately after the void volume. Enlarged proteoliposomes were then formed from the column eluent by two consecutive freeze/thaw/sonication cycles. For each cycle, the eluent was frozen in liquid N2, thawed at room temperature, and sonicated in the cylindrical bath sonicator for a consecutive series of five 2-s bursts.
Radioisotope Flux Assay of K+ Channel
The activity of functional K+-conducting channel proteins in native chloroplast jnner-envelope membrane vesicles and after reconstitution of detergent-extracted protein into artificial liposomes was evaluated using a sensitive microcentrifugation/filtration assay developed previously in this laboratory (Berkowitz and Peters, 1993) . As described previously, this flux assay involves construction of a filtration device with a 0.22-pm pore filter sandwiched between the cut end of a I-mL plastic syringe (serving as an incubation reservoir) and a 400-pL microcentrifuge tube. Native vesicles or artificial liposomes were incubated for 5 min in the reservoir in 75 pL of a medium containing 25 mM Hepes-Tris (pH 7.5), 200 mM SUC, 10 mM KCl, [3H]mannitol (2 pCi mL-' with a specific activity of 30 Ci mmol-'), "Rbf (about 4 pCi mL-'), and additions as noted. After microcentrifugation (in a Beckman Microfuge B, used because the tubes are held perpendicular to the rotor ais), radioisotope retained on the filter was counted (Beckman 3801 liquid scintillation counter) using dual-label dpm programs with quench correction. The [3H]-mannitol retained on the filter, which is not taken up into the osmotic volume of the vesicles (Wang et al., 1993) , allowed for background correction within each sample of Rb' retained on the filter but not taken up by vesicles. For a11 experiments, four tubes served as replicates for each treatment.
Reconstitution of Chloroplast Envelope Membrane Protein into Artificial Bilayers for Single-Channel Recording
Recordings of channel activity were made by fusing purified chloroplast inner-envelope membrane vesicles into artificial planar lipid bilayers (Hanke, 1986) . Single-channel currents were recorded with a Dagan 3900 voltage clamp using an Axon CV4B headstage. After filtering (0.5 kHz, with a Bessel lilter), currents were digitized with a VR-10 analogl digital converter and recorded on videotape. Currmt recordings were processed and evaluated using PCLAMP 5.1 software. Inputs to the chambers on either side of the bilayer were connected to silver-silver chloride wires immersed in two small wells filled with 0.2 M KCl. Each weli. was connected to a chamber with 1% (w/v) agar, 0.2 M KC1 bridges formed in small glass tubes. For planar lipid bi1a:yer formation, a molar solution of 7:3 l-palmitoyl-2 oleoylphosphatidylethano1amine:l-palmitoyl-2 oleoylphosphatidylcholine was purified in ether and stored in decane (10 mg/mL) under N2. The lipid mixture was painted with a Teflon stick around a 250-prri pore between two plastic chambers. After solvent evaporation, the chambers were filled (4 mL cis, 3 mL trans) with 10 I~M Hepes, pH 7.2, 10 p~ CaC12, with I<+ salts as noted. Lipid from around the 250-pm pore was then used to seal the pore (using the Teflon stick). The lipid i11 the pore was thinned to a planar bilayer (with <200 pF ca.pacitance) by applying 90 to 130 mV across the pore. (This voltage often broke the lipid seal in the pore.)
After fiormation of a planar lipid bilayer with the proper capacitance, membrane vesicles (equivalent to 3-5 pg of protein) were added to the cis chamber. The typical convention of defining the trans chamber as O V was used. Prior to addition lof vesicles, the stock tube containing vesicles was sonicated briefly (two times for 5 s) in the high-energy sonicator. (We believe that sonication may have aided vesicle fusion due to the high degree of stromal protein adhering to these membrane preparations [Wemer-Washbuine et al., 19831 .) Our signals were not as stable without sonication. Perhaps :sonication just prior to use reversed any vesicle aggregation, resulted in smaller vesicle diamete rs, and/or reduced adhering extrinsic protein; any of these factors could have affwted bilayer degradation and aided in obtaining more stable recordings with less background cui-rent leak. Others (eg. Miller, 1982) have noted that millimolar additions of Ca2+ facilitate fusion events. We found that addition of 0.8 mnd CaCl, (a11 recordings shown in this report were made with this addition) to the cis chamber alonl; with the vesicles aided in vesicle incorporation into the bilayer.
After addition of vesicles, the chambers were stirred (by use of magnetic fleas) in intervals of severa1 seclmds until vesicle fusion into the planar lipid bilayer occurred, as shown by an abiupt increase in bilayer conductance. After vesicle incorporation stimng was halted; we found no need to add EDTA to the cis chamber to prevent further fusion events.
Peptide Synthesis and Ceneration of Polyclonal Pmtibodies
A peptide corresponding to amino acids 249 to :258 of the K+ channel AKTl (Sentenac et al., 1992) , except with an added Cyis residue at the N terminus in front of the Thr and the Asp residue at the C terminus in the carboxianude form, was synthiesized on a p-methylbenzhydrylamine resin using standard eolid-phase procedures (Houghten, 1985; Gordon et al., 19138) and purified using preparative reverse-phase HPLC (Waters Delta Prep 300 HPLC system, C113 column, (Barbas et al., 1989) . Purified peptide was conjugated at the N-terminal Cys to maleimide-activated KLH (Tsao et al., 1991) . KLH-peptide conjugate was mixed 1:l (v/v) with Freunds complete adjuvant prior to immunization of 2-month-old New Zealand White rabbits (Hare-Maryland Co., Hewitt, NJ). Immunization involved subcutaneous injection at six points of a total of 0.5 mL of adjuvant:conjugate, equivalent to 0.7 mg of peptide. Booster immunizations were done every 2 weeks. Antisera (1-5 mL) was collected 1 week after the third immunization and biweekly thereafter. After incubation of the antisera at 37OC for 5 min and centrifugation (lOOOg, 30 min), the supematant was decanted and stored at -2OOC. For some experiments, affinity columnpurified antibody was used. In this case, the peptide (2 mg) was conjugated at the N-terminal Cys to iodoacetyl groups of Sulfolink Gel (Pierce, Rockford, IL). The immobilized peptide was then used to selectively purify anti-channel pore peptide antibody from 2 mL of antisera (Gentry et al., 1983) using the Pierce Immuno Pure Immobilization Kit No. 2. The purified antibody was lyophilized and stored at -2OOC.
SDS-PAGE and lmmunoblot Analysis
Chloroplast inner-envelope membrane proteins were size fractionated using 7.5% acrylamide SDS-PAGE and electrophoretically transferred to nitrocellulose membranes in 20% methanol (v/v), 0.1% SDS (w/v), 192 mM Gly, 25 mM Tris, pH 8.3, on a Hoefer (San Francisco, CA) Transphor unit for 1 h at room temperature and at 1.5 to 2 A. Filters were dried and nonspecific protein binding sites were blocked by incubation of membranes in TTBS (0.1% [v/v] Tween-20, 10 mM Tris-NaOH, pH 7.4, 200 mM NaCl) containing 5% nonfat dry milk (w/v) for 1 h at room temperature, and then washing twice for 10 min with TTBS. Filters were then incubated for 1 h at room temperature with either 100 pL of antisera or affinity-purified antibody equivalent to 100 pL of antisera, diluted 1:500 with TTBS. After washing three times for 5 min with TTBS, filters were incubated in TTBS containing a 1:5000 dilution of goat anti-rabbit IgG and horseradish peroxidase (Bio-Rad) for 1 h at room temperature. Filters were then washed three times for 20 min in TTBS prior to visualization of immunoreactive protein bands using the ECL (Amersham) westem blotting detection system.
SUC Density Cradient Fractionation of Proteins
In some experiments, chloroplast inner-envelope membrane protein was fractionated using density gradient centrifugation. Fractionation was undertaken after detergent extraction and solubilization of protein from the chloroplast inner-envelope native membrane vesicles. Detergent-extracted protein was concentrated using Centricon 10 (Amicon, Beverly, MA) filtration devices and loaded (800 pg of protein in 100-200 pL) onto 4-mL (8-25% Suc [w/v]) gradients. The gradients, which also contained 0.4% cholate (w/v), 0.1% asolectin (w/v), 10 mM Tricine-NaOH, pH 8.0, 200 mM NaCl, and 5 mM DTT throughout, were centrifuged at 240,OOOg in a SW60Ti rotor (Beckman L8M-70 ultracentrifuge) for 17 h. The gradient was separated into eight 0.5-mL fractions (fraction 1 = 25% SUC) and stored at -8OOC. Suc density gradient fractions were concentrated to between 50 and 200 pL using Centricon 10 filters prior to further use. These concentrated fractions were used either for artificial proteoliposome formation (i.e. the concentrated fractions were mixed with asolectin and loaded onto the Sephadex G-50 column), SDS-PAGE, or HPLC analysis of proteins. Reverse-phase HPLC analysis of proteins in Suc gradient fractions was done on a Beckman 126 HPLC system using a Vydac C4 column and a gradient of 0.1% (v/v) TFA in water:0.1% TFA in acetonitrile.
RESULTS AND DISCUSSION lnhibitor Effects on K+ Flux across the lnner Envelope
Characterization of the envelope K+ channel was initiated by studying inhibitor effects on K+ flux across the chloroplast inner-envelope membrane. Results of five such experiments are shown in Table I . TEA and Ba2+ blocked conductance through a broad range of K+ channel types (Stanfield, 1983; Armstrong, 1990) . Both compounds were found to reduce K+ uptake into chloroplast inner-envelope native membrane vesicles. Inhibition of K+ flux by Mg2+ was also demonstrated in these studies (Table I ). It is thought that Mg2+ reduces K+ flux across the chloroplast envelope by screening and/or binding to membrane negative surface charges at or near the pore of K+ channels (Bara et al., 1989; Wu et al., 1991) . It should be noted that this effect of Mg" is distinct from the action of specific K+ channel blockers such as Ba2+ and TEA, www.plantphysiol.org on January 5, 2018 -Published by Downloaded from Copyright © 1994 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 105, 1994 which have ionic radii similar to K+ and physically block the channel pore (Armstrong, 1990) . MgZ+ is thought to inhibit flux through K+ channels by reducing surface membrane potential (thereby reducing the electrical component of the driving force for ion flux) and/or reducing effective K+ concentration localized at the channel pore (Bara et al., 1989) . Dimethonium is an organic divalent cation that has an exceedingly small binding constant with lipid membranes; it exerts only a screening effect on surface negative charges (McLaughlin et al., 1983) . In comparative studies, dimethonium has been found to mimic the effects of Mg2+ on flux through monovalent cation channels if the action of Mg2+ is mediated by a screening effect at the channel pore (e.g. Fermini and Nathan, 1990) .
As shown in Table I , dimethonium was found to restrict K+ uptake into native chloroplast inner-envelope vesicles as effectively as Mg2+ and the channel blockers TEA and Ba2+ in a number of experiments. This result suggests that Mg" may exert control of K+ conductance across the inner envelope by a generalized screening effect on the native membrane negative surface charge, as delineated in the GuoyChapman-Stern equation (Hille et al., 1975) . We undertook further study of flux through this channel to obtain experimental evidence consistent with this hypothesis. The channel was detergent extracted from the native membrane and functionally reconstituted into artificial lipid (asolectin) liposomes.
Previous work from this laboratory has demonstrated that K+ conductance facilitated by the channel protein upon reconstitution is still sensitive to standard K+ channel blockers (Wang et al., 1993) . However, we now report that K+ conductance facilitated by this channel protein upon reconstitution into a new lipid matrix is insensitive to Mg". For example, in one experiment, K+ uptake by proteoliposomes was 15.6 f 4.1 nmol mg-' lipid (n = 4) in the absence, and 16.2 f 2.4 nmol mg-' lipid in the presence, of 5 mM Mg2+. These data, along with the effects of Mg2+ and dimethonium on native membrane vesicles as shown in Table I, suggest that Mg2+ block of K+ flux through this channel protein is caused by interaction of the divalent cation with the native membrane. In the artificial proteoliposome, the reconstituted envelope protein is surrounded solely by the lipid asolectin. In contrast, the chloroplast inner-envelope lipid component has a high percentage (nearly 50%) of glycolipids (mono-and digalactosyldiacylglycerol) (Douce et al., 1983) . These glycolipids could provide the negative surface charges on the native membrane that interact with Mg2+, resulting in the screening effect that impacts K+ conductance through the channel protein. The effect Mg2+ has on K+ flux through the channel is quite profound and may be an important regulatory mechanism affecting photosynthetic capacity of the chloroplast (Huber and Maury, 1980; Sen Gupta and Berkowitz 1989; Berkowitz and Wu, 1993) .
Single-Channel Currents
Purified inner-envelope membrane vesicles were fused into planar lipid bilayers to obtain recordings of single-channel events of K+ conductance. Single-channel currents recorded at various holding potentials (in the presence of 150 mM KC1
[cis]:25 mM KC1 [trans] ) are shown in Figure 1A . Singlechannel events, when they were evident, occurretl relatively infrequently. Recordings had to be made for maiiy minutes at a givein voltage to obtain enough events for andyses. The bilayer was unstable when fusion events occurred, and often broke during measurements. This may be due to the "dirty" nature of these membrane vesicles. The large amount of Rubisco that adheres to this membrane and defies purification procedures (Werner-Washburne et al., 1983) could make these membrane preparations difficult to use in an artificial bilayer system. Altematively, the instability of :he bilayer after fusiion could be a function of the inherení nature of these vesicles, which are derived from a highly cuived native membrane. Perhaps, upon fusion, the native protein and lipid desíabilizes the flat bilayer. Nonetheless, W E were able to obtain recordings similar to those shown in Figure 1A from six differimt purified inner-envelope membrane pr eparations.
An I/\[ plot of the single-channel currents is shown in Figure 1EL No voltage gating of this channel was evident over the range of voltages tested. The K+ channel in thi! thylakoid membrarie of the chloroplast also displays no voliage gating (Tester and Blatt, 1989) . The apparent lack of voltage gating of this current was not surprising. Previous work from this laboratory demonstrated only minor light-inducetl hyperpolarizationls (about 10 mV) across the chloroplast inner envelope (Wu et al., 1991) . It was further shown that virtually a11 K+ curreiit across the inner envelope of intact c hloroplasts occurs as electroneutral flux (Wu and Berkowitz, 1092). Thus, it appears that there are no membrane potenti(i1 changes occumng, to which a voltage-gated channel could respond.
Slope conductance of the current calculated from the I/V plot (Fig. 1B) is 160 pS. In a preliminary report, h.1. Schwarz and R. Mragner (unpublished data) identified a K +-selective ion channel in the chloroplast inner envelope thal displayed a conductance of between 120 and 180 pS upon Fusion into planar bilayers when the [K+] across the bilayer was similar to that used in our study. We believe that the channel responsible for the currents shown in Figure 1A and that identifiedl by Schwarz and Wagner, are similar proteins.
Evidence that the single-channel currents we have recorded (Fig. 1A) were facilitated by K+ rather than C1-flux is as follows. The calculated value (using activity coefficients) for the reversal potential of K+ currents at the imposed gradient is -42 mV. Experimental evaluation of the reversal potential for these currents, derived from the linear regression (9 = 0.88) of the I/V plot shown in Figure 1B yields a value (-48.6 mV) close to the theoretical calculation. Ar, shown in Figure 1E3 , current was evident at the C1-reversal potential (+42 mV). Further work confirmed the single-charmel events as K+ currents. Experiments were repeated with the same K+ gradient across the bilayer, except with the impermeant (McKinley and Meissner, 1978) anion gluconate as the counterion. As shown in Figure 2 , single-channel currents were evident in the presence of K-gluconate when vertcles from four different inner-envelope membrane prepara tions were fused into planar lipid bilayers. In the presence of a 150 m~: 2 5 mi w KCI gradient, and at a holding potential of O mV, single-channel current averaged 6.8 f 0.6 pA ( 2. The overall average of these currents (6.5 f 0.4 pA) was similar in magnitude to the currents recorded in KCl, further confirming this channel activity as K+ currents.
lmmunodetection of K+ Channel Proteins in the lnner Envelope
Analysis of the molecular basis of K+ channel function reveals that the amino acids that lie within the constricted pore of the native protein act as a selectivity filter (Mackinnon and Yellen, 1990; Rudy et al., 1991) . There is little sequence homology among K+ channel proteins (as deduced from their cDNAs) except for this channel pore region, which both facilitates ion conduction and acts as a selectivity filter. Current models identify a series of amino acids that includes the sequence TMTTVGYGD as the "defining signature" of this class of proteins (Kumpf and Dougherty, 1993) . The first two K+ channel genes from plants have been recently sequenced (Anderson et al., 1992; Sentenac et al., 1992) .
Interestingly, these plant K+ channels, which are probably membrane proteins of the plasmalemma, retain the aforementioned channel pore sequence with some conservative substitutions, such as the replacement of the Met with Leu. Experimental evidence suggests that this particular substitution, with the retention of the nonpolar side chain, is the only "allowed substitution" for Met in a protein core sequence that is 'phenotypically silent" with regard to structure-based function (Bowie et al., 1990) . It should be noted that despite the remarkably diverse array of membranes ( e g from bacteria, plants, and animals) that have retained this channel pore sequence in K+ channels, there is a nove1 exception to this molecular basis for selective K+ conductance. A small (130 amino acids, approximately 15 kD) protein (the "mink" or minimal K+ channel) has recently been identified in mammalian kidney, uterus, and heart that is structurally unrelated to the ubiquitous, large family of 70-kD K+ channels that share the conserved selectivity filter (Hausdorff et al., 1991) .
We speculated that the conserved channel pore sequence may be a useful probe to identify the K+-conducting channel of the chloroplast inner envelope. We synthesized a peptide corresponding to this selectivity filter; the specific sequence corresponded to amino acids 249 to 258 of the plant K+ channel AKTl (Sentenac et al., 1992) with an added Cys at the C terminus to facilitate conjugation to a camer protein. Antibodies were then raised against the pore peptide conjugate. Control studies (not shown) indicated that the preimmune serum demonstrated no immunoreactivity with chloroplast envelope proteins run on SDS-PAGE. Antisera from immunized rabbits, however, did immunodetect the channel pore peptide epitope. As shown in Figure 3 , dot-blot analysis Antisera raised against the channel pore peptide did immunoreact with a chloroplast envelope polypeptide. As shown in Figure 4 , antisera containing anti-channel pore peptide immunoreacted with a chloroplast envelope polypeptide with a molecular mass of 62 kD. About 50 distinct polypeptides can be resolved when chloroplast inner-envelope protein is run on gradient SDS-PAGE (Cline, 1985); we routinely visualize about 25 polypeptides on Coomassiestained gels (data not shown). It is intriguing to note that anti-channel pore peptide immunoreacts with only one of these chloroplast envelope polypeptides. The finding that preimmune serum showed no immunoreactivity to chloroplast envelope proteins, as mentioned previously, suggests that the signal at 62 kD in the immunoblot shown in Figure   4 is a result of specific immunoreactivity of a chloroplast protein with anti-channel pore peptide. Further evidence supporting this conclusion is presented in Figure 5 . Antichannel pore peptide antibody was affinity purified by passing antisera through a column with immobilized channel pore peptide. Affinity-purified anti-channel pore peptide retained immunoreactivity with the 62-kD chloroplast envelope protein (Fig. 5) .
The data presented in Figures 4 and 5, therefore, offer evidence that a single chloroplast envelope protein contains, in its primary structure, an epitope immunologically related to the K + channel 'defining signature," i.e. the amino acids that constitute the selectivity filter of this class of ion channels. We believe that these antibody experiments offer strong, albeit indirect evidence that one protein component of the chloroplast inner envelope is a K + channel. This contention is based on the following points, (a) The channel pore sequence is highly conserved in K + channels (as discussed previously). A GenBank search indicated that of the 27 known K + channel sequences, 15 have the TMTTVGYGD pore sequence and 11 have one conservative substitution (KAT1 has two substitutions), (b) The channel pore sequence does not occur spuriously in proteins that are not K + channels. A search indicated that no protein (other than K + channels)
contains an amino acid sequence with greater than 56% homology to the channel pore peptide. (c) The anti-channel pore peptide antibody does identify three known K + channels tested using immunoblot analysis (data not shown), (d) The anti-channel pore peptide antibody does not immunoreact with a broad range of chloroplast envelope polypeptides.
Definitive evidence identifying the 62-kD chloroplast envelope polypeptide as a K + channel could be obtained by
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Figure 3. Dot-blot analysis of anti-channel pore peptide antisera. A serial dilution of KLH alone, peptide alone, and the KLH:peptide conjugate was evaluated for immunoreactivity with antisera. Numbers at the bottom refer to relative concentrations of the carrier protein, peptide, or conjugate bound to the nitrocellulose filter.
Assay was performed in a Bio-Rad microfiltration apparatus using a Bio-Rad Immun-Blot assay kit for color development. immunoprecipitating channel activity (and the 62-kD band) with anti-channel pore peptide. However, this result would be unlikely considering the nature of the native epitope. The K + channel selectivity filter is within the pore of the native protein (Rudy et al., 1991) ; this set of amino acids is likely to be inaccessible to an antibody when the ion channel is in its native conformation (i.e. prior to fractionation on denaturing SDS-PAGE). Nonetheless, we did attempt to immunoprecipitate K + channel activity from the protein component of the chloroplast envelope. We incubated detergent-solubilized chloroplast envelope protein with the affinity-purified antibody under standard immunoprecipitation conditions (Trimmer, 1991) . Solubilized protein was incubated overnight with affinity-purified anti-channel pore peptide prior to reconstitution into liposomes. The presence of a functional K + channel in the proteoliposomes was monitored by evaluating TEA-sensitive 1C (i.e. 86 Rb + ) uptake. With increasing antibody liter (we tested up to the equivalent of 100 jiL of antisera), we saw no decrease in TEA-sensitive uptake by the proteoliposomes (data not shown). These results indicate the presence of a functional channel upon reconstitution, even after exposure of envelope protein to the antibody. Again, we speculate that the anti-channel pore peptide antibody cannot immunoreact with the K + channel in its native conformation, but only after denaturation on SDS-PAGE.
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Partial Purification of the Chloroplast Envelope K + Channel
Attempts were made to subject chloroplast envelope protein to mild fractionation procedures to partially purify the K + channel. Detergent-solubilized envelope protein was loaded on a 4-mL 8 to 25% Sue gradient. After centrifugation the gradient was fractionated and each 0.5-mL fraction was concentrated. Aliquots of each Sue gradient fraction were run on SDS-PAGE and immunoblotted with antisera containing anti-channel pore peptide. Results are shown in Figure 6 . Chloroplast envelope protein immunoreactive with antichannel pore peptide appeared to accumulate toward the middle/bottom of the gradient in fractions 3 and 4 (Fig. 6 ).
In this immunoblot, the chloroplast envelope protein immunoreactive with the antisera appears as a triplet of polypeptides at 69, 66, and 62 kD. Immunoblots of other Sue gradient experiments show similar results, i.e. multiple bands comigrating in the gradient (data not shown). We are not sure why this occurs. It is unlikely that the triplet represents different subunits of a single K + channel protein, since K + channels are known to exist as homotetramers of a single polypeptide in their native state (Kumpf and Dougherty, 1993) . The fact that the polypeptides comigrate in the Sue gradient (Fig. 4) suggests that they may be the same protein; perhaps the multiple bands on the SDS-PAGE are degradation products of the same protein.
As shown in Figure 6 , immunoblot analysis indicates that the envelope membrane protein immunoreacting with antichannel pore peptide is present throughout the Sue gradient but accumulates to a greater extent in the lower portion of the gradient, primarily in fractions 3 and 4. Visualization of the total protein in each fraction of the gradient (used for the experiment shown in Fig. 6 ) was undertaken by running a second gel with aliquots from each fraction and silver staining the gel. Silver staining indicated that most of the protein loaded on this gradient migrated to the bottom, e.g. fraction 1 (data not shown). This result, along with the data shown in Figure 6 , suggests that Sue density gradient fractionation does allow for some degree of purification of the K + channel away from the bulk of chloroplast envelope protein.
Reverse-phase HPLC separation of proteins in Sue gradient fractions was also undertaken. Figure 7 shows an HPLC elution profile of total solubilized chloroplast envelope protein, i.e. that which was loaded on the Sue gradient used for Figure 6 . Nine peaks corresponding to envelope proteins are visible in this elution profile. HPLC elution profiles similar to that shown in Figure 7 were generated for the eight Sue gradient fractions shown in Figure 6 . Of all the proteins shown as peaks in Figure 7 , none selectively accumulated in the Sue gradient fractions in a pattern corresponding to the Reverse-phase HPLC fractionation of total protein loaded on a SUC gradient. This elution profile was generated from a sample of the same solubilized protein used for the experiment shown in Figure 6 . All peaks identified as proteins (i.e. those with numbers) were not present in a profile run with just buffers (results not shown).
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immunoblot analysis of the fractions (Fig. 6 ) except for the protein identified as peak 8 in Figure 7 . Figure 8A shows the relative amount of this protein in the Suc gradient fractions as ascertained by HPLC analysis. Figure 8B shows the relative amount of immunoreactive protein in each fraction (ascertained using densitometer analysis of the original autoradiogram shown in Fig. 6 ). It appears that there is a good correlation between the two analyses. It should be noted that ion channels are present in very low copy number in a given membrane system; they are extremely low-abundance proteins. Therefore, it is not surprising that we never observed a 62-kD band in any silver-stained gel of protein from Suc gradients that comigrated with immunoreactivity (data not shown). The lack of visualization of the K+ channel on SDS-PAGE makes the correlation shown in Figure 8 , A and B, noteworthy .
Further experiments were undertaken with the aim of identifying the immunoreactive polypeptide (HPLC-partitioned as peak 8) as the envelope K+ channel. The only way of monitoring the enzymic activity of an ion channel protein is by functional reconstitution into a membrane system and measurement of channel-facilitated ion flux across the membrane. The most definitive experimental evidence identifying the immunoreactive chloroplast envelope polypeptide as a K' channel would be to immunoprecipitate the K' channel and abolish channel-mediated flux when solubilized envelope protein is reconstituted into liposomes. As discussed previously, our initial attempts at this were not successful. Therefore, we used an altemative approach, which was quite laborious.
We attempted to correlate the selective accumulation of the single HPLC-fractionated protein (i.e. Fig. 8A ) and the immunoreactive polypeptide (Figs. 6 and 8B) in fractions of the Suc gradient with K+ channel activity. One of the problems we faced with this experimental approach was that not enough solubilized envelope protein could be loaded on the SUC gradients for both immunoblotting and activity studies. reconstitution of the envelope K+ channel into liposomes could be monitored by evaluating the effect of the K+ channel blocker TEA on total K+ uptake. In the absence of a functional channel, K+ uptake into liposomes was completely insensitive to TEA. Upon reconstitution of the channel protein, total K+ uptake was inhibited 20 to 40% by K+ channel blockers (Wang et al., 1993) . As noted (Table I , also see Wang et al., 1993) , only a portion of total K+ uptake into our proteoliposome preparations is sensitive to inhibitors. We speculate that this could be due to basal uptake of K+ into a portion of the total liposome population, which does not have the innerenvelope K+ channel reconstituted, and also due to contamination of our preparations with outer envelope membrane. The presence of the porin protein of the outer envelope (Flugge and Benz, 1984) could facilitate high-conductance K+ uptake into proteoliposomes, which is unresponsive to K+ channel blockers.
We used the extent of TEA sensitivity of K+ uptake upon reconstitution of protein from Suc gradient fractions into liposomes to evaluate the differential accumulation of the K+ channel in Suc gradient fractions. Unfortunately, we could not use the same Suc gradient for both immunoblotting and reconstitution/flux studies. Therefore, we analyzed the relative accumulation of the K+ channel (using reconstitution/ flux assays) in fractions from three different Suc gradients. Pooled results are shown in Figure 8C . The activity assay indicated that some of the K+ channel protein may trave1 to the bottom of the gradient (i.e. fraction 1) along with the bulk of the total protein, and a small amount may stay at the top of the gradient. However, the pooled results of the activity studies suggest that most of the K+ channel protein accumulated toward the middle/bottom of the gradients in fractions 3 and 4. The results of the activity assays (Fig. 8C) roughly correlate with the immunoblot of the gradient fractions (Fig.  BB) , especially considering that the analyses had to be undertaken on different SUC gradients.
We interpret the results of the experiments shown in Figure  8 as consistent with the following: (a) A component of the chloroplast envelope protein is a K+ channel, which can be detected with an antibody raised to the selectivity filter of K+ channels and which can be fractionated away from the bulk of solubilized envelope protein. (b) Reverse-phase HPLC can be used to identify and/or further fractionate this extremely low-abundance membrane protein. (c) The protein detected using anti-channel pore peptide comigrates with K+ channel activity when chloroplast envelope protein is fractionated.
CON CLUS I O N
The chloroplast envelope K+-conducting protein was studied using a broad range of experimental approaches. Studies with native membrane vesicles demonstrated sensitivity of K+ flux across the chloroplast inner envelope to the general K+ channel blockers TEA and Ba2+. Study of the K+-conducting protein in the native membrane also allowed for an examination of how divalent cation interaction with the native membrane modulates flux through this transport protein. These studies implicated metal ion interaction with negative charges at the membrane surface as an important regulator of K+ conductance across the envelope. Reconstitution of chloroplast envelope protein into artificial planar lipid bilayers allowed for single-channel currents to be recorded, providing definitive evidence of the presence of ion channels in the native membrane. The single-channel events were identified as K+ currents. Although selectivity of the ion channel for K+ over other cations was not evaluated, indirect evidence regarding this point was obtained from immunological studies. An antibody raised against the conserved amino acid sequence serving as a selectivity filter in K+ channels immunoreacted with a single chloroplast inner-envelope polypeptide. This amino acid sequence confers K+ selectivity to ion conduction through the pore of these membranespanning proteins. Therefore, the results of the immunological studies offer strong evidence for the presence of a K+-selective ion channel in the chloroplast inner envelope. The selective accumulation of a single HPLC-fractionated protein, immunoreactivity to anti-channel pore peptide, and K+ channel activity in density gradients provide evidence validating the usefulness of the antibody as a probe for K+ channels, at least with our membrane system. No K+ channel protein has ever been purified, so the development here of methods to monitor the protein during purification is significant. The K+ channel antibody we have developed may be useful for studying other, as-yet-unidentified K+ channels in a wide range of membrane systems. Finally, we offer evidente in this report identifying the K+-conducting protein present in the chloroplast inner envelope as a K+ channel. 
